In open environments such as water, enterohemorrhagic Escherichia coli O157:H7 responds to 28 inorganic phosphate (Pi) starvation by inducing the Pho regulon controlled by PhoB. The 29 phosphate-specific transport (Pst) system is the high-affinity Pi transporter. In the Δpst mutant, 30
INTRODUCTION 60 61
The human enteric pathogen Enterohemorrhagic E. coli O157:H7 (EHEC) is 62 responsible for severe collective food-borne infections. Introducing and then consuming 63 contaminated food into production chains contaminates humans. Cattle, the most important 64 reservoir of pathogenic EHEC, are the main agents of its dissemination into the environment 65
(1). Although fully equipped to infect and colonize the host's intestine, E. coli O157:H7 must 66 also be able to respond to changing environmental conditions and to adapt its metabolism to 67 nutrient availability (2) . 68
Phosphorus, one of the most important elements for bacterial growth and survival is 3% 69 of the total dry weight of bacterial cells and the fifth main element after carbon (50%), oxygen 70 (20%), nitrogen (14%), and hydrogen (8%) (3, 4) . At the cellular level, phosphorus is in its 71 ionic form called phosphate (PO4 3-) and inorganic phosphate (Pi) is the preferred phosphate 72 source (5). Phosphate is found in many different components of the cell including cell 73 membrane (phospholipids), nucleic acids (the backbone of DNA or RNA), proteins, and 74 complex sugars (e.g. lipopolysaccharides [LPS] ). It is also involved in signal transduction 75 (phosphotransfer) and energy production (ATP) (6). Due to its importance for bacteria, 76 phosphate homeostasis is tightly regulated by the two-component regulatory system PhoBR, in 77 which PhoR is a histidine kinase and PhoB is the response regulator controlling expression of 78 genes belonging to the Pho regulon. When the extracellular Pi concentration is high (Pi>4μM), 79
PhoB is inactive and phosphate (Pho) regulon is at the basal expression level, avoiding the use 80 of more complex forms of phosphate. With some environmental changes like nutrient 81 availability and age of culture; and extracellular Pi concentration decreases (below 4 µM) PhoB 82 is activated and regulates the expression of Pho regulon gene leading to changes in phosphate 83 metabolism and transport. Under phosphate-limiting conditions, phosphate transport is 84 6 controlled by the Pst system encoded by pstSCAB-phoU operon belonging to the Pho regulon 85 (6). Any deletion of the pstSCAB-phoU operon constitutively activates PhoB leading to 86 constitutive expression of the Pho regulon that results in mimicking phosphate-starvation 87 conditions (7) . 88
In addition to being involved in phosphate homeostasis, the Pho regulon has been 89 connected to bacterial virulence and biofilm formation in several species including 90
Pseudomonas aeruginosa, P. aureofaciens, P. fluorescens, Agrobacterium tumefaciens, Vibrio 91 cholerae, Bacillus anthracis, . Recent studies established that 92 E. coli O157:H7 strains are able to form biofilms in different environments such as food 93 surfaces, processing plants, and water (16, 17) . Although EHEC biofilm formation appears to 94 be strain-dependent, low-temperature conditions favor its formation (18, 19) . Stress conditions 95
including nutrient starvation or low oxygen influence biofilm formation by altering the 96 oxidative stress leading to increased release of Shiga-toxin linking pathogenicity, biofilm 97 formation, and stress (20) . 98
In this study, we hypothesized that in EHEC, activation of the regulator PhoB controls 99 the expression of genes that are involved in biofilm formation. Therefore, we investigated 100 biofilm formation of EHEC under phosphate-starvation conditions. By screening a mutant 101 highlighted that in low Pi conditions, biofilm lifestyle is favored over planktonic lifestyle. By 140 using fluorophores that stained proteins (Sypro), cellulose (Calcofluor), or N-141 acetylglucosamine (GlcNAc) residues (WGA), biofilm was characterized. Protein and cellulose 142 were not detected in any biofilm matrices (data not shown). Interestingly, GlcNAc residues 143 were detected in biofilm matrix formed by ∆pst mutant and absent in those formed by EDL933 144
and Δpst + pst-complemented strain. Notably, as GlcNAc residues were also detected in Δpst 145
ΔphoB double-mutant matrix, the indication is that this characteristic of the matrix is not due to 146
PhoB activation. The absence of GlcNAc in the biofilm matrix of wild type grown in low Pi 147 conditions ( Fig. 2B ) is confirmed. Taken together, CLSM results confirmed that ∆pst mutant 148 formed denser biofilm than wild type and that GlcNAc residues are contained in its matrix. 149 150
Identification of putative Pho regulon members involved biofilm formation. To 151
identify Pho regulon members involved in enhanced biofilm and agglutination phenotypes of 152
Δpst mutant, a mini-Tn10 transposon mutant library was generated from the Δpst mutant. A 153 total of 5118 mini-Tn10 Cm R mutants were screened for their reduced ability to autoagglutinate. 154
From a total of 122 mutants displaying an autoagglutination phenotype different from ∆pst 155 mutant, 93 (1.8% of the library) showed reduced ability to form a biofilm. Using high-156 throughput sequencing, 88 transposon insertion sites were identified (Table S2 ). Targeted genes 9 were regrouped by categories of orthologous groups (COG) ( Fig. 3 ). While the majority of 158 genes had unknown functions, a high proportion of mutations associated with decreased biofilm 159 formation was located in genes affecting the membrane and cell wall biosynthesis including 160 genes of the LPS R3 core synthesis (waa locus). 161
162
Transposon insertion sites of several mutants are in LPS core synthesis genes. Five 163 independent insertions that resulted in the loss of biofilm formation were identified in waaC, 164 waaE, waaF, waaG, and waaQ from the LPS core oligosaccharide biosynthesis (waa) locus 165 ( Fig. 4A-C) . In E. coli O157, the majority of enzymes required for core oligosaccharide 166 assembly are encoded by genes within the chromosomal waa locus (22). The mutation sites 167 were in genes waaE (also named hldE), involved in the synthesis of the heptose precursor (23); 168 in genes waaF and waaC (encoding by the rfaD-waaFCL operon) that are responsible for the 169 addition of heptose I and II on the LPS core; and in genes waaQ and waaG (encoding by the 170 waaQGP operon) involved in the addition of Heptose III and glucose I on the LPS core (Fig. 171 4A and 4B and Table S2 ). This result strongly suggests that LPS core synthesis is important for 172 autoagglutination and biofilm formation of the Δpst mutant. Moreover, the biofilm matrices of 173 those Tn10 mutants were negative to WGA staining ( Fig. 4D ), suggesting that an intact inner 174 and outer LPS core structure is necessary for biofilm formation and that the detection of 175
GlcNAc on the biofilm matrix is linked to the LPS structure of ∆pst mutant. 176
Concomitantly our transcriptomic studies supported the influence of pst mutation and 177
Pi starvation on the LPS biosynthetic pathway. Many of its genes involved in lipid A, core and 178 O-unit biosynthesis and export were downregulated in both the ∆pst mutant and Pi starvation 179 conditions ( Table 2 ), suggesting that LPS synthesis could also be under the direct or indirect 180 control of PhoB. In silico analysis identified putative Pho boxes in proximity to genes and/or 181 operons involved in the different steps of LPS biosynthesis ( SDS-PAGE LPS profile was examined to determine whether the pst mutation is accompanied 189 by major changes to the LPS structure. LPS preparations were isolated either from cells grown 190 in LB, or from biofilm, and planktonic cells grown in M9. Strain EDL933 and its ∆pst mutant 191 differed mainly in the absence of O-specific chains in the mutant. Some differneces were also 192 observed for the stained molecular species migrating to the lower region of the gel correspond 193 to signals in the lower mass region of the MALDI mass spectrum. They are short chain LPS for 194 EDL933 consisting of the lipid A and the core OS, together with the same plus one, two, or 195 three additional repeats of O-units. The electrophoretic profiles of this LPS lower mass region 196 was different in the ∆pst mutant. In this case, the core plus lipid A region is present and similar 197 to that observed for the EDL933 strain, i.e. represented by a double band. At the same time, the 198 bands corresponding to additional O-units are absent, instead, a weak additional band is present, 199 migrating slightly less than the lipid A plus core (Fig. 5A ). In the EDL933 LB preparation, the 200 upper signal of the double band is very weak. These structural features are accessible to 201 MALDI-MS analysis and will be discussed in details in the MALDI-MS section. 202
Using Western blot analysis with anti-O157 monoclonal antibodies, O157 LPS specific 203 regular banding pattern was observed in EDL933, however band intensity was very weak in the 204 ∆pst mutant (Fig. 5B) . Thus, the ∆pst mutant predominantly produces rough type LPS species. 205
To further investigate LPS structure modifications, we used MALDI-TOF mass 206 spectrometry to analyze the LPS extracts of EDL933 and ∆pst mutant grown in LB conditions; 207 and from biofilm and planktonic grown in M9 conditions ( Fig. 6 ). We first analyzed the LPS 208 polysaccharide or oligosaccharide moieties, isolated by mild acid hydrolysis. The studied m/z 209 range corresponds to the low molecular weight species that were observed in the low mass-210 region of the SDS-PAGE (Fig. 5A ). The negative-ion MALDI mass-spectra of the PS moieties 211 of LPS isolated from different culture conditions of the EDL933 and those from the ∆pst mutant 212 cultures are presented in Figure 6 . For better clarity, we set up the upper limit of the presented 213 m/z range at 2800u, which corresponds to the core plus one repeating O-chain unit. However, 214 molecular ions containing up to three O-chain units were clearly detected for the wild-type 215 strain. In the m/z region 1700-2100 of all the spectra presented in Core oligosaccharide structures varied as a function of culture conditions in a 232 similar way for both strains. LPS core structures corresponded to R3 core type and were found 233 in both EDL933 and ∆pst mutant LPS. On the basis of the characterized core structure (22), 234 after hydrolysis, a major peak at 1868 m/z present in all six spectra ( Figure 6 ) corresponds to 235 the core region including a structure with 1 molecule of Kdo (the second Kdo is released during 236 hydrolysis); 3 heptose (Hep); 4 Hex; and 2 HexNAc. For both strains in LB conditions, the 237 major peaks appear at m/z 1868, 1948 and 1991. According to Kaniuk and collaborators, the 238 last two peaks correspond respectively to addition of one phosphate (P) or one phosphoryl-239 ethanolamine (PEA) (22). A minor peak at m/z 1825 can be interpreted by the absence of an Ac 240 group on one of the branched GlcN. All these peaks are also observed in spectra corresponding 241 to the M9 cultures of both strains, however they are relatively small. Under these conditions 242 two peaks at m/z 1906 and 2029 become major ones for both strains and can be interpreted by 243 addition of P and PEA to the molecular species at m/z 1825 lacking one Ac. Such variability 244 has been already reported (22) . 245 246 Lipid A structures are different between WT and mutant strains, and further 247 modified according to culture conditions. The negative-ion mass-spectra of lipid A isolated 248 from the EDL933 wild-type strain and the ∆pst mutant are presented in Figure 7A . They 249 correspond to the WT and mutant grown under three different culture conditions, i.e. LB 250 culture, M9 planktonic culture, and M9 biofilm culture. Peaks of three major molecular species 251 were observed at m/z: 1797.4, 1920.5 and 2035.8, corresponding respectively to the non-252 modified E. coli classical hexa-acyl molecular species, the hexa-acyl molecular species with 253 one phosphate group being substituted with a PEA residue, and a hepta-acyl molecular species 254 with palmitoylation at the secondary C-2 position. The structures of this well-known molecular 255 13 species are presented in Figure 7B . While the non-modified hexa-acyl molecular species is 256 equally observed in all the six mass spectra, the modified ones are differentially represented 257 according to the different strains, and under different culture conditions. 258
Our data suggest that the substitution of the phosphate group with PEA is strongly 259 increased when the wild-type strain is grown in the minimal medium (M9) comparatively to 260 the reach medium (LB). This is not the case for the ∆pst mutant for which the presence of the 261 PEA substituted molecular species seems to be independent from growth conditions. It is also 262 somewhat intermediate between the two extreme levels observed for the EDL933 strain, i.e. 263 higher than in the EDL933 LB culture and lower in both EDL933 M9 cultures. 264
As for the palmitoylated molecular species, it is almost absent in EDL933 LB and M9 265 planktonic cultures, as well as in the ∆pst mutant LB cultures. For the EDL933 strain it is small 266 but fairly detectable under M9 biofilm conditions. For the ∆pst mutant, it is small under M9 267 planktonic conditions, and its presence is considerably increased under M9 biofilm conditions. 268
These observations suggest that lipid A palmitoylation in both strains is favored by the biofilm 269 growth conditions. This is coherent with our earlier findings (25). For the ∆pst mutant, the lipid 270 A palmitoylation might be somewhat higher than for the wild-type strain in minimal medium 271 (M9), since it is observed even in the M9 planktonic culture, while it is strongly inhibited in the 272 rich medium (LB) for both strains. Western blot (Fig. 5B ). While the Δpst ΔphoB double mutant was deficient in O-antigen, 278
EDL933 made an O-chain antigen when grown in low Pi conditions. Moreover, PhoB 279 complementation of the Δpst ΔphoB double mutant did not restore O-antigen ( Fig. 5B ). These 280 results suggest that the absence of O-antigen is not under PhoB control and is specific to the pst 281 mutation. (Fig 1A and 5B) . 282 283 waaH encoding a glycosyltransferase contributes to biofilm formation. While most 284 of the genes involved in the biosynthesis and export of LPS were all downregulated, the gene 285 waaH encoding for a predicted glycosyltransferase was strikingly upregulated in the Δpst 286 mutant (+45.9) and in low Pi conditions (+80.3) ( Table 2) . Klein et al. showed that waaH was 287 responsible of the addition of glucuronic acid (GlcUA) on the third heptose of LPS R2 type 288 core in E. coli K12 strain but not for the R3 type core of O157 LPS (26-28) ( PhoB favors biofilm formation. In this study, we show that activation of the 305 transcriptional regulator PhoB promotes biofilm formation in phosphate-starvation conditions 306 and in the pst mutant where PhoB is derepressed. Activation of PhoB has been shown to affect 307 biofilm formation in different bacterial species (8, 9, 11, 12, 14, 15, 29) . Upon depletion of 308 phosphate, the plant pathogen A. tumefaciens was shown to increase its biofilm formation. This 309 was linked to the higher production of the unipolar polysaccharide adhesion (30). In pathogenic 310 E. coli, phosphate limitation was shown to affect adhesion of enteropathogenic E. coli (31) and 311 to increase virulence (21). In view of these results, we suggest that PhoB activation through 312 phosphate starvation could have positive or negative effect on biofilm formation depending on 313 species or even pathotype. anchor lipid A, the core OS, which is divided into the inner and outer core regions, and the 321 O157-antigen polysaccharide (32, 33) . 322
Within the collection of biofilm autoagglutination Tn10 mutants generated from Δpst 323 mutant, the transposon was inserted in genes within the waa locus that are responsible for the 324 enzymes needed for the stepwise assembly of the LPS inner and outer core oligosaccharides 325 (32) (Fig. 4 ). It has already been reported that Tn5 insertion mutants in genes involved in core 326 LPS synthesis or in O157 antigen synthesis, showed a reduced biofilm phenotype (34) . An 327 association between inactivation of LPS core synthesis genes and a decrease of biofilm 328 formation was also observed in uropathogenic E. coli and E. coli K-12 (35) . The biofilm 329 negative mutants here have an altered LPS sugar composition and exhibit the deep rough pattern 330 of LPS. A study conducted by Nakao and collaborators revealed that the hldE and waaC 331 mutants involved in core OS biosynthesis exhibited a deep-rough LPS phenotype and an 332 increase of biofilm formation (23). 333 334 LPS of the ∆pst mutant are structurally different compared to the wild-type strain. 335
The LPS structure of the Δpst mutant is modified compared to its wild-type E. coli O157:H7. 336
Mass spectrometry results confirmed that LPS of the ∆pst mutant are structurally different 337 compared to EDL933 and culture conditions were shown to contribute to structural variability. 338
The following major features were observed: 1) the absence of O-antigen in the mutant and the 339 presence of an additional structure corresponding to 365.4u; 2) non acetylation of the core 340 lateral GlcN is increased in M9 conditions for both strains; 3) PEA substitution of the lipid A 341 phosphate groups is culture dependent for the wild-type strain and not culture dependent for the 342 mutant; 4) lipid A palmitoylation is increased under biofilm conditions for both strains. 343
Therefore, the Δpst mutant produces rough-type LPS. Interestingly, the O157 antigen is absent 344 upon activation of PagP, an outer membrane enzyme responsible of lipid A palmitoylation (36). 345
Moreover, it was shown that biofilm-associated lipid A palmitoylation is a general feature of 346
Enterobacteriaceae and this was associated to PagP activation in E. coli mature biofilm (25) . 347
Interruption of the O-antigen in the Δper mutant of E.coli O157:H7 has previously been 348 associated with increased autoagglutination (37) and increased adherence to Hela cells (38) . 349 This is in accordance with the autoagglutination phenotype of Δpst. The addition of elements 350 to core structures, blocking the addition of the O-chain has already been described in Bordetella 351 species (39, 40) . 352
Notably, the double mutant Δpst ΔphoB that lacked the O-antigen LPS chain showed a 353 low biofilm forming phenotype similar to the wild-type strain EDL933 but did not decrease in 354 autoagglutination (Fig. 1B) . Moreover, O-antigen was present in EDL933 grown in low Pi 355
conditions. This suggests that the absence of O-antigen is independent of PhoB activation and 356 could be associated with autoagglutination. The absence of the O-antigen might facilitate 357 autoagglutination of the bacteria by exposing surface molecules involved in the enhanced 358
phenomenon. 359
Confocal microscopy analyses of Δpst mutant biofilm revealed that its biofilm matrix 360 contained GlcNAc residues. But, these residues were absent in the biofilm matrices of all 361 mutants with transposon inserted in LPS biosynthesis genes (Fig. 2 and Fig. 4 ). This suggests 362 that detection of GlcNAc in the biofilm matrix was linked to LPS structure of the Δpst mutant 363 ( Fig. 4) . In E. coli O157:H7, the R3 core type LPS contains two molecules of GlcNAc (22): 364 one linked to the heptose III from the inner core by wabB and the other linked to the galactose 365 molecules from the outer core by an unknown protein (22). In addition, deletion of pga operon 366 responsible for poly-N-acetylglucosamine production in mutant Δpst (double mutant Δpst 367 ΔpgaABCD) did not influence the biofilm phenotype nor GlcNAc production (Fig. S5 ). This 368 discards the contribution of poly-N-acetylglucosamine production to the GlcNAc composition 369 of the Δpst mutant biofilm matrix. Although non acetylation of the core lateral GlcN is 370 increased in M9 conditions for both strains (Fig. 6 ), we propose that detection of GlcNAc in 371 the biofilm matrix could be due to the absence of O157 molecules allowing the core LPS to be 372 more exposed at the surface. 373
With the nutrient-limitation stress of phosphate limitations, activation of Pho and 374 general stress regulons elicits specific and non-specific responses, respectively (41). Under Pi-375 starvation conditions the LPS biosynthesis, export genes, and O-antigen biosynthesis genes 376 were differentially expressed in E. coli O157:H7 and in the Δpst mutant. We demonstrated that 377
PhoB activation was not related to the absence of O-antigen. In addition, several putative Pho 378 boxes were found upstream of operons and genes that are involved in LPS biosynthesis and 379 export ( Table 2) . To deal with the stress of phosphate starvation bacteria rely on different 380 mechanisms to optimize the acquisition and bioavailability of phosphate and to maintain 381 essential biochemical reactions. In this context, modifications of cell wall components such as 382 LPS structures are part of the reorganization of the bacterial cell. Klein and collaborators 383 showed that PhoB can regulate LPS heterogeneity (26, 42) . In our study major structural 384 variations were observed in LPS structures in the Δpst mutant. In addition to the absence of O-385 antigen and the presence of an additional structure corresponding to 365.4u, the Δpst mutant 386 exhibited a constitutive PEA substitution of the lipid A phosphate groups (Fig. 7) . We 387 previously found that lipid A and fatty acid compositions are modified in the Δpst mutant of 388 avian pathogenic E. coli (43, 44) . 389
390
WaaH is a glycosyltransferase involved in biofilm formation. We also show here that 391 the waaH (yibD) gene under PhoB control contributes to biofilm formation during phosphate 392 starvation of the wild-type strain EDL933 and the Δpst mutant. Its expression was strongly 393 induced in both E. coli O157:H7 grown in phosphate-starvation conditions and in Δpst mutant 394 (Table 2) . Interestingly, WaaH does not participate in the autoagglutination phenotype observed 395 in Δpst mutants. WaaH has been shown to be responsible for the addition of GlcUA on the inner 396 core LPS of K-12 under phosphate-starvation conditions and under the control of PhoB. GlcUA 397 modification was also observed in E. coli B, R2 and R4 core types and in Salmonella but not in 398 E. coli O157:H7 R3 core (26). The addition of GlcUA on LPS core type was not detected by 399 mass spectroscopy in LPS extracted from either EDL933 or from the Δpst mutant. In E. coli 400 O157:H7, the R3 core type, heptose III of its R3 core is decorated with GlcNAc by the plasmid-401 encoded gene wabB (Fig. 3) . This precludes the addition of GlcUA on Heptose III (22, 26) . 402
Although the activity of WaaH in E. coli O157:H7 remains unknown, WaaH belongs to the 403 glycosyltransferase 2 family and is conserved across the Proteobacteria phylum. Interestingly, 404
WaaH shares 34% similarity with the glycosyltransferase PgaC, responsible for PGA 405 elongation by adding GlcNAc molecules (26, 45) . Thus, WaaH contributes to biofilm formation 406 upon phosphate starvation and PhoB induction, its mechanism remains to be deciphered, but 407
WaaH could be an interesting target for controlling biofilm formation. 
MATERIALS AND METHODS 416
Bacterial strains. The effect of the Pho regulon on EHEC O157:H7 biofilm formation 417 was investigated using strain EDL933 and its derivative mutants (listed in Table 1 ). The 418 EDL933 Δpst and ΔphoB mutants were previously constructed (46). The ΔwaaH single mutant 419
and Δpst ΔphoB or Δpst ΔwaaH double mutants were generated by allelic exchange of phoB or 420 waaH genes using a suicide vector in EDL933 wild-type strain or in EDL933 Δpst mutant as 421 previously described (47) with some modifications. Using the primers listed in Table S1 , a 422 tetracycline resistance cassette from pACYC184 was amplified and flanked by PCR with the 423 500 bp sequence adjacent to the phoB or waaH. Tetracycline was used to select the ΔwaaH 424 mutant, and Δpst ΔwaaH, or Δpst ΔphoB double mutants. The deletion of pgaABCD operon 425 was generated in EDL933 Δpst using the lambda Red recombinase system (48) by recombining 426 a chloramphenicol cassette from the pKD3 in the pga locus of EDL933 Δpst. The deletion of 427 phoB, ΔpgaABCD, and waaH were confirmed by PCR and sequencing. Complementation of 428 waaH was performed using the pTrc99a expression plasmid. The waaH ORF was amplified 429 from the genome of EDL933 using the primers containing BamHI and SacI site of digestion as 430 listed in Table S1 . waaH was then inserted into pTRC99a downstream of the isopropyl-β-D-431 thiogalactopyranoside (IPTG) inducible pTrc promoter. As complementation was observed 432 without induction by IPTG, IPTG was not added to the media. LB cultures were made from one 433 isolated colony at 37°C on LB agar containing antibiotics when required and incubated for 24 434 h at 37°C. Antibiotics were used at the following concentrations: 10 μg/ml tetracycline (Tc); 50 435 μg/ml ampicillin (Amp); 25 μg/ml chloramphenicol (Cm); and 50 μg/ml kanamycin (Km). 436
Static biofilm formation assay. The biofilm formation was investigated as described 437
previously (49) Corning, NY, USA). After 24 h of incubation at 30°C, unattached cells were removed by 449 washing three times with distilled water. Plates were dried at 37°C for 15 min and biofilms 450 were stained with 0.1% (wt/vol) crystal violet for 2 min. The crystal violet solution was 451 removed and biofilms were washed three times with distilled water and then dried at 37°C for 452 15 min. The stain was released with 150 μl of 80% (vol/vol) ethanol and 20% (vol/vol) acetone. 453
The biofilms were quantified by measuring the absorbance at 595 nm with a microplate reader 454 (Powerwave; BioTek Instruments, Winooski, VT, USA). Moreover, while biofilms were 455 stained with crystal violet and measured with the A595, growth of the planktonic part of the 456 culture (unattached cells) was tracked with OD600. Relative biofilm formation corresponds to 457 A595/OD600 (50). One-way ANOVA with Dunnett's multiple-comparison post hoc tests were 458 performed to calculate p-values. 459 Autoagglutination assays. Autoagglutination was determined using an assay described 460 by Bansal et al (51) with modifications. EDL933 and its isogenic mutant were cultivated in LB 461 media at 37°C and diluted 1/100 in M9 and incubated at 30°C for 24 h without agitation. After 462 incubation, 100 µl of the upper phase was taken 1 cm below the surface and the OD600 was 463 measured (ODAgg). Cultures were then mixed by vortex for 10 s and OD600 was measured again 464 (ODtot). The percentage of autoagglutination was calculated by using this formula: ODAgg) / ODtot] x 100. One-way ANOVA with Dunnett's multiple-comparison post hoc test was 466 performed to calculate p-values. 467
Confocal laser scanning microscopy. Stained biofilms were visualized by confocal 468 laser scanning microscopy at 40X (CLSM; FV1000 IX81; Olympus, Markham, ON, Canada) 469 as previously described (49). 470
Screening of Tn10 Δpst mutant library. Km R Cm R independent mutants were screened 471 for the loss of autoagglutination. This assay is based on the ability of the Δpst mutant to 472 autoagglutinate and to form a larger ring at the bottom of a 96-well round microtiter plate 473 compared to wild type ( Fig. 1 and Fig. S3 ). As autoagglutination phenotypes were similar in 474 LB and M9, LB was chosen to facilitate manipulations. Each plate was filled with 150 µl of LB 475 broth and filled with one colony of Δpst mutant containing Tn10 insertions. In each plate, 476 EDL933 and Δpst mutant were used as negative and positive controls of agglutination 477 phenotype respectively, and wells containing LB only was used as a blank. After 24 h of 478 incubation at 30°C with agitation, the ring sizes were eyes checked and mutants that loose the 479 ability to form large rings were evaluated two more times for autoagglutination. Those mutants 480
were evaluated for their biofilm formation in M9 broth at 30°C for 24 h, as described above. 481
Mutants that lost the ability to form biofilm similar to the Δpst mutant were stored at -80°C for 482 further analysis. In order to avoid mutants with growth defects, OD600 was measured for 24h of 483 incubation at 30°C in M9 broth (Fig. S4) . 484
Identification of mini-Tn10 insertion sites. Mini-Tn10 insertion sites of Δpst biofilm 485
negative mutants were identified by DNA sequencing. To extract DNA, each transposon mutant 486 was cultivated separately in LB media and 1 ml of 7 to 10 clones belonging to the same 487 phenotype group were pooled. Genomic DNA was extracted with Qiagen DNeasy blood and 488 tissue kits and pooled at an equimolar concentration in order to prepare a total of three 489 sequencing libraries using KAPA Hyper Prep kit. The libraries were then sequenced using an 490
Illumina MiSeq apparatus at the Plateforme d'Analyses Génomiques of the Institut de Biologie 491
Intégrative et des Systèmes (IBIS, Université Laval). The resulting sequencing reads were 492 mapped on the extremities of the sequence of the Tn10 transposon using bwa version 0.7.12-493 r1039 (52). The mapped reads were subsequently converted to fastq format with SAMtools 494 version 0.1. 19-44428cd (52) and the Tn10 transposon sequence was filtered from the reads 495 using cutadapt version 1.10 (53). The resulting filtered reads were mapped using bwa on the 496 genomic sequence of E. coli O157:H7 EDL933 (GenBank: AE005174.2). The features about 497
where the reads mapped were found using featureCounts (54), which is included in the package 498 subread version 1.5.0-p3. The presence of the transposon in intergenic regions was investigated 499
using Artemis version 16.0.0 (55). Finally, categories of orthologous groups were analyzed with 500 eggNOG-mapper. 501
Microarray experiment. EDL933 and its isogenic Δpst mutant were grown in high Pi 502 MOPS 0.2% (wt/vol) glucose condition until the OD600 nm reached 0.6 (56). Samples equal 503
to 5 × 10 8 CFU were taken from this mid-log phase and processed for transcriptome analysis. 504
One µg of the fragmented and biotinylated cDNAs, were hybridized onto Affymetrix 505
GeneChip ® E. coli. The data were processed using the FlexArray ® software; Robust Multi-array 506 Average (RMA) normalization. The levels of transcription obtained from 3 biological replicates 507 of each experimental condition were compared using the EB (Wright & Simon) algorithm. The 508 comparison was conducted between the Δpst mutant and the wild-type strain with the 509 differential expression conditions corresponding to a 2-fold change (FC) cut-off and p-value  510 0.05. Validation of microarray results was achieved by comparing the expression of eleven 511 genes by qRT-PCR. The 16S rRNA gene, tus, was included for normalization within samples. 512
In silico evaluation of Pho boxes. The presence of putative Pho boxes upstream of 513 biofilm-related genes was evaluated with a previously constructed Pho box matrix (21) and was 514 based on 12 known Pho boxes with O157:H7 EDL933 sequences (57). Using MEME suite web 515 site with the FIMO tools version 4.12.0 (http://meme-suite.org/tools/fimo), nucleotide 516 sequences of LPS promoting regions were scanned to find putative motif sequences. 517 LPS extraction. To extract LPS from planktonic and biofilm cells of EDL933 and its 518 isogenic mutants, each strain was diluted (1/100) and grown in 6 Petri dishes containing 20 ml 519 of M9 media for 24 h at 30°C. Planktonic cells (20 ml) were kept for further analyses. The 6 520 biofilms were washed with 20 ml of PBS. PBS (1 ml) was added in each plate and biofilms 521 were scratched from the surface with a cell scratcher. Biofilm and planktonic cells were pelleted 522 by centrifugation at 4000 rpm for 15 min and suspended to an OD600nm of 0.6. Then, 1.5 ml of 523 suspension was pelleted in a 2 ml Eppendorf tube at 13.000 rpm for 3 min. The supernatant was 524 discarded and the pellet was stored at -20°C before LPS extraction. LPS was extracted as 525 previously described (58). Briefly, a defrosted pellet was suspended in 50 µl of SDS-buffer (4% 526 β-mercaptoethanol (BME), 4% SDS, and 10% glycerol in 0.1 M Tris-HCl, pH 6.8) and boiled 527 for 10 min. After cooling down, 5 µl of 10 mg/ml solution of DNase I in DNase buffer (150 528 mM NaCl and 1 mM CaCl2) and 5 µl of 10 mg/ml RNase A in sterile water was added to 529 samples and incubated at 37°C for 30 min. After adding 5 µl of 20 mg/ml proteinase K in 530 proteinase K buffer (50 mM Tris-HCl and 1 mM CaCl2), samples were incubated at 60°C for 1 531 hour. Each sample was treated with phenol by adding 50 µl of ice-cold Tris-saturated phenol 532 and by incubating at 65°C for 15 min. Phenol treated samples were mixed by vortex every 5 533 min. Samples were cooled to room temperature and 500 µl of diethyl ether were added and 534 mixed by vortex for 10 s. Samples were centrifuged at 20,600 x g for 10 m and the bottom 535 phase was carefully removed. Phenol treatments were repeated at least three times. 536
Alternatively, for MALDI-MS analyses, LPS were extracted as described in the MALDI-MS 537 section. 538
SDS-PAGE and Western blot analysis.
Prior to gel electrophoresis, 100 µl of 2X SDS-539 buffer containing bromophenol blue 0.002% (wt/vol) were added to the extracted sample. 10 540 µl of LPS extracted sample were separated by electrophoresis on 15% SDS-PAGE at 100 volts 541 for 18 min (upper gel) and then 200 volts for 60 min (lower gel). LPS samples were visualized 542 by using the gel silver staining procedure according to the instructions of the manufacturer 543 (Biorad). Briefly, the gel was covered with a fixative solution (methanol 40% and acid acetic 544 10% (vol/vol)). After overnight incubation, the gel was covered with 10% (vol/vol) oxidizer for 545 5 min and then washed 6 to 7 times with water for 15 min. The gels were then exposed to 10% 546 (vol/vol) silver reagent for 20 min. After a 30 s wash in water, gels were developed in 3.2% 547
Developer solution (wt/vol). LPS were also visualized by Western blot. After electrophoresis, 548 
